Abstract-This paper presents a wideband model, from Direct Current (DC) to W band, for a single Anode Schottky Diode based on a commercial VDI chip. Different measurements have been performed to obtain a complete large-signal equivalent circuit model suitable for the device under consideration up to 110 GHz, and for its integration in planar circuits. The modeling has been done using a combination of DC measurements, capacitance measurements, and RF scattering measurements. The test structure for on-wafer Sparameter characterization has been developed to obtain an equivalent circuit for Coplanar to Microstrip (CPW-Microstrip) transitions, then verified with 3D Electromagnetic (EM) tools and finally used to deembed device measurements from empirical data results in W band. 3D EM simulation of the diodes was used to initialize the parasitic parameters. Those significant extrinsic elements were combined with the intrinsic elements. The results show that the proposed method is suitable to determine parameters of the diode model with an excellent fit with measurements. Using this model, the simulated performance for a number of diode structures has given accurate predictions up to 110 GHz. Some anomalous phenomena such as parasitic resistance dependence on frequency have been found.
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INTRODUCTION
The concept of Terahertz Electronics has emerged during the last two decades and draws increasing attention in security applications such as imaging systems [1, 2] , security screening systems, genetic engineering, pharmaceutical quality control and medical imaging. In these frequency bands simplicity of non linear devices is required to minimize parasitic effects. Different types of diodes, such as avalanche diodes [3] or Schottky diodes, could be a natural choice.
Particularly Schottky diodes have been widely accepted as a useful solution for Terahertz (THz) applications. These components are used for design of mixers and frequency multipliers in sub-millimeter wavelengths [4] . In addition, the planar diode opens up the possibility of diode circuit integration [5] .
The advantages of GaAs Schottky diodes include monopolar operation, high mobility and low noise figures at room temperature. They are presently considered as mature devices, but they are still the subject of investigation concerning their optimization. For operation in millimeter and sub-millimeter wavelength, and for high-frequency applications, n-doped GaAs is the typical semiconductor used in the metal-semiconductor system but the performance of a GaAs Schottky diode is still limited by its parasitic elements [6] and the losses due to skin effects [7] . Moreover, the geometrical design of Schottky diodes is a very critical factor in determining the device performance. Thus, systematic studies of the Schottky diode's parasitic elements and highfrequency losses are very crucial in achieving the design goals.
Generally in RF design, a diode can be modeled as a combination of resistance and capacitance, both bias-dependent. The Schottky diode model consists of both, linear and nonlinear parts. The nonlinear part corresponds to the metal-semiconductor junction, and the linear part contains everything else [4] . The construction of millimeter and sub-millimeter-wave Schottky diode-based circuits relies on valid component models in the design stage. Therefore, no parasitic effects introduced by the diode package elements can be neglected at this frequency, and accurate modeling of them is necessary. Several studies on diode modeling have been performed [8, 9] .
In this paper, we describe the characterization of a highperformance Schottky diode for millimeter wavelengths. Model extraction is based on different measurements and computer-aided parameter extraction. The different measurements were: direct current (DC) characteristics, capacitance measurements, scattering (S) parameter measurements and measurements of the assembly of Coplanar to Microstrip bonded transitions used to achieve the complete final diode model up to 110 GHz. In accordance with the availability of measurement equipment, the measurements were carried out in two frequency ranges: DC-50 GHz and 75-110 GHz.
DIRECT CURRENT (DC) CHARACTERIZATION OF SCHOTTKY DIODES
The intrinsic Schottky diode is modeled as a circuit containing four physical parameters [10] : a series resistance R s , a shunt resistance R j , a Schottky diode reverse saturation current Is and a Schottky diode ideality factor η.
The dominant current transport mechanisms in state-of-the-art GaAs Schottky mixer diodes are the emission of electrons over the barrier and the quantum mechanical tunneling of electrons through the barrier. A widely recognized model which takes into account both of these effects is the thermionic-field emission model [11] generalized I-V characteristics, Equation (1):
where I s is the saturation current, V d is the voltage across the Schottky barrier, η is the ideality factor and R s is the series resistance of the diode.
Extraction of the Resistance, Saturation Current and Ideality Factor
Direct Current (DC) measurements are the most common characterization and testing method for Schottky diodes. This method first performs current-voltage measurements and then facilitates the characterization of the nonlinear properties of the Schottky diode when it is driven into the forward-biased state. In this part, we will perform measurements that will lead us to obtain the parameters characterizing the Schottky junction, which determine the conduction properties of these diodes when the forward bias is applied, and to obtain the parasitic resistance values R s of the Schottky diode by fitting from the current-voltage measurements [12] . Based on the Schottky diode Equation (1), a voltage-controlled current source is used. The values of the current I d are injected and the equivalent diode voltage V is measured. The voltage across the Schottky barrier is equal to an applied voltage minus any voltage drop across the series resistance R s that is, V d = V − I · R s and at low levels of polarization when the voltage drop across the series resistance R s is negligible compared to the voltage drop in the space charge region [13] ,
Device parameters such as reverse saturation current (Is) and ideality factor η can be found on the semilog-scale of the forward characteristic of the diode. They are found to be close to the nominal values provided in the device's datasheet [14] . Typical forward curve Direct Current (DC) Measurements and the data fitted I-V curve are shown as a solid line in Figure 1 . The available literature describing resistance extraction of the Schottky diode is vast; a widely used approach focuses on the DC measurements. Measured I-V characteristics in a range of low voltage are least-square fitted to Equation (3). The result is considered the "ideal" I-V curve without the effect of the series resistance ( Figure 2 ). Regarding the ideal part, the I-V relation maintains a constant slope on a semilog plot, as indicated by the straight line, at higher current levels, however, the voltage drop across the parasitic resistance becomes significant with respect to the diode voltage drop, and the curve deviates from this line.
The variation from the ideal diode performance is easily observed in the Figure 2 . This deviation provides the necessary information to allow extraction of the parasitic resistance value. Figure 3 shows the 
Capacitance Extraction
The capacitance of Schottky diodes is the key factor for the highfrequency performance of mixers, detectors or frequency multipliers.
The usual form for the diode capacitance-voltage relationship, taking into account the dependent junction capacitance, has been given by [15, 16] :
where C j0 is the zero-bias junction capacitance, Φ bi is the built-in potential, V j is the junction voltage (V j > 0) and the exponent γ is a function of the doping profile. The total capacitance of a Schottky diode can be divided mainly into the junction capacitance and the parasitic capacitance. Using Equation (1), the total capacitance can be expressed as:
Several methods have been proposed to determine the junction and parasitic capacitances and built-in voltage [17, 18] of a Schottky diode; in this work apparent capacitance of the diode chips was measured in two ways: from on-wafer S-parameter measurements and with low-frequency measurements using a LCR (InductanceCapacitance-Resistance) meter. Differences between the two methods are compared. The junction capacitance, along with some other capacitance-voltage C-V parameters, is then obtained by fitting the measurement results to a nonlinear capacitance expression (Equation (5)) in a least squares sense.
At lower microwave frequencies, when the diode is not yet conducting, the equivalent circuit of the diode can be reduced to a "π" network of capacitances [18] , formed by the total capacitance C T and small parasitic capacitances to the ground. C T is the sum of the junction capacitance C j0 and the parasitic capacitances C pp . An accurate estimation for the total capacitance can be extracted by fitting the measured value of the transmission coefficient (Figure 4) , which is dependent mainly on the total capacitance C T , the ratio between C j0 and C pp . The S parameters were measured from 2 GHz up to 50 GHz, however, for the capacitance extraction only, the frequency range 3-10 GHz is used, according to the condition for the reduction of the equivalent circuit of the diode to only three capacitances.
The low-frequency measurements have been done using an Agilent E4980A LCR meter. Frequency is set at 1 MHz. Measurements are done on a Single Anode Diode flip-chip mounted on a test structure ( Figure 5 ). The calibration was done by measuring an empty gap with the same dimensions as the test structure with the diode; this represents the parasitic capacitance correction for the measurement. Results are illustrated in Figure 6 .
Comparing the capacitance curve results shown in Figure 7 for the two capacitance determination techniques based on S-parameter measurements and on LCR meter measurements [19] , it can be seen that the extracted values for the parasitic capacitance from the LCR meter are greater than those obtained using the S-parameter technique. This may be due to the contact of the diode with the test fixture microstrip lines, which can cause the appearance of a large parasitic capacitance and affect the correct measurements of all the extracted capacitance parameters of the diode. Extraction from S parameter Extraction from LCR meter Figure 7 . Measured and extracted total capacitances and other voltage capacitance parameters, Equation (5) is fitted against measured total capacitance values.
CHARACTERIZATION OF DIODES: SIMULATION (MODELING TOOLS)
The final goal of the characterization process is to develop a large-signal equivalent circuit of the device. This involves the characterization of both, intrinsic elements and parasitic elements of the device. This part deals with the investigation of the parasitic elements introduced by contacting pad air bridges, bond wires, and semiconductor substrate.
In this modeling work, suitable design and optimization methods have been implemented on two simulators: a 3D electromagnetic simulator HFSS (Ansoft High Frequency Simulation Software) and a circuit simulator ADS (Agilent Advanced Design System).
Once the significant extrinsic elements have been identified from the diode layer, their values can be determined using twoport measurements. As a starting point, amplitude and phase measurements of the anode reflection coefficient, S 11 , and the anode to cathode transmission coefficient, S 21 , were taken at zero bias. With realistic initial estimates for the elements values based on the physical structure of the device using SEM (Scanning Electron Microscope) image (Figure 8 ), along with measurements taken from Direct Current DC up to high microwave frequencies; equal weighting was applied to all responses, across the whole frequency range.
A good optimization algorithm produces values that quickly converge to the correct values. When zero bias convergence has taken place, the voltage dependency of C j (v) and R j (v) can be implemented using a SDD (Symbolically-Defined-Device) module from ADS. The error function produced by the optimization algorithm should remain relatively constant for all the potential bias points. Figure 8 shows a Single Anode Diode under consideration. The nominal overall chip dimensions of the diode are 600 µm×250 µm×100 µm (length × width × thickness). It is connected with coplanar-to-microstrip transitions (model PROBE POINT TM1003 JmicroTM transition) [20] . This configuration is desirable to enable on-wafer measurements using air coplanar probes, but in this case requires the use of wire bonding connections. This chip connection procedure features low cost, high reliability, and high manufacturability [21] . 
Equivalent Circuit Model of the Diode (Lumped Elements: Intrinsic and Extrinsic)
The equivalent circuit model depends on the type of the diode, and on the surrounding circuitry. Figure 9 shows the equivalent circuit proposed for the discrete planar Schottky diodes under consideration in order to illustrate its integration in a microstrip circuit environment including bonding wires. As with the previous low-frequency models, the distributed resistance and capacitance of the active layer are transformed into a first order equivalent network represented by R s and C j (v). The model accommodates forward bias with the junction leakage resistance, R j (v). This resistance is effectively an open circuit with reverse bias [22] . The circuit includes a finger inductor L p (estimated using the planar inductor approximation [23] ) and a pad-to-pad capacitor C pp , which represents the capacitance between the two bonding pads of the diode. In parallel with the Schottky junction is the finger-to-pad capacitance component C p , which represents the capacitance between the anode contact finger and the underlying active GaAs. A set of simple lumped elements models parts inside and outside the diode: an ideal inductance L 2 in series with resistor R represents the wire inductance and losses due to the metallization and wire bonding, as well as radiation losses at the wire bends [24, 25] . The two shunt capacitances close to the input and output ports (C 1 , C 2 ) represent the substrate capacitance between the microstrip lines onto which the wire is bonded. Therefore, they are used to model the discontinuity between the contact lines. The discontinuities on both sides are not necessarily identical since the planar diode structure is not completely symmetric and the length of the bond wires is not exactly the same on both sides. The inductor L 1 represents end inductance caused by the wire bonds. Finally, the intrinsic device is represented through its characteristic Figure 9 . Single Anode lumped equivalent circuit for Schottky diode with the extrinsic elements detailed. elements: R j is the nonlinear Schottky junction resistance that acts in parallel with the diode junction capacitance C j , and the ohmic contact resistance is denoted by R s . The equivalent values for each intrinsic element component are extracted from measured Direct Current (DC) characteristics and scattering parameters with fixed RF power levels (≤ −30 dBm), and the diode unbiased and also reverse biased.
Characterization of Coplanar to Microstrip (CPW-Microstrip) Transitions
Coplanar to Microstrip transitions have been used to measure the diode. The effect of the transitions can be removed from the measurements by applying the calibration proposed by the manufacturer. However, this calibration kit is not intended for the 75-110 GHz band. In this case a generic calibration procedure placing the measurement reference planes at the probe tips is used. Therefore, neither CPW-Microstrip transitions nor wire bonds can be automatically de-embedded and the task of de-embedding parasitic effects of these CPW-Microstrip transitions becomes a new concern. In this sense an electromagnetic model for two CPW-Microstrip transitions connected with a bond wire was developed for this work. This model will be used to de-embed device measurements from empirical data results, which means isolating the performance of the diode by extracting the effect of the transitions from the measurements.
The CPW-Microstrip transitions are attached to a gold plated brass as ground plane using a conductive epoxy and wire bonded to the microstrip part. In this case a calibration using the generic procedure has been performed (Cascade Probe LRM), by placing the measuring planes in the positions (a) and (b) marked in Figure 10 . Subsequently, the position of the reference plane may be changed in order to take into Figure 10 . The assembly of the two "Coplanar to Microstrip" transitions, connecting with the bond wire. account the effects of the two CPW-Microstrip transitions and bond wire. To calibrate the system in the plane of coplanar probes, LRRM calibration (LINE, REFLECT, REFLECT, MATCH) [26] , as well as coplanar standards (Cascade Microtech ISS 101-190) , have been used. The S-parameter measurement of the test sample has been performed using a network analyzer in the 2-50 GHz range and a PNA-X with millimeter-wave head extensions in the W-band.
To validate the response obtained in the measurements carried out, the 3D electromagnetic simulator HFSS (High Frequency Structure Simulator) has been used. In this way, the assembly of the CPW-Microstrip transitions has been performed as is shown in the Figure 11 , in order to obtain the behavior of the scattering parameters as a function of frequency as shown in the plots Figure 12 
Measurement Setup
Before the measurements were made, the system was calibrated at the probe tips using a Cascade probe LRRM (LINE, REFLECT, REFLECT, MATCH) calibration kit. In this way, the measurements are carried out in two different frequency ranges: (1-50 GHz) and in W-band (75-110 GHz), at an ambient temperature of 293 K at several bias voltage points from −3.5 to 0 V. The operation of the measurement set-up has been checked in the first place by measuring in the frequency band 1-50 GHz, using TRL calibration (THROUGH, REFLECT, LINE) to correct the effect of the transitions and to obtain the scattering parameters of the diode with the bond wire in the input and output of the device. A value of −30 dBm of input power has been established to carry out the measurements and reverse biasing has been applied to the diode.
In the frequency band 75-110 GHz, the measurement equipment consists of a microwave network analyzer, N5242A PNA-X, which can only obtain S-parameters up to 26.5 GHz. For this reason two external millimeter-wave (VNA-extensions) [27] heads were connected to PNA-X for measuring S-parameters in W band. A waveguide to coaxial transition (model 35WR10WF) and 1 mm-coaxial cables, which allow us to measure over the entire W band (75-110 GHz) and finally, coplanar probes (Model 110 H) with a spacing ("pitch") of 125 µm are necessary to measure on-wafer. These measuring tips serve as adapters between the wires and measuring contact surfaces ("Pads") of the structure.
Direct measurements placing a couple of probe tips on the anode and cathode pads were done to verify that coherence of the model is not affected by the surrounding parasitic effects associated with wire bonding and transitions. A special 150 µm pitch differential probe with two contacts (Signal-Ground) was placed just on the pad-to-pad diode gap, as can be seen in Figure 13 . Figure 13 . Single Anode Diode, measurement with probe (50A-GS-150-P). Results have been verified by comparing the reflection parameter, S 11 (Figure 14) , through low frequency diode measurements (up to 20 GHz) with the equivalent circuit model modified for this verification removing the components which represent the test fixture (bonding, Transitions, etc.) and taking into account only grounding capacitance Very good agreement between the measurement and the model was achieved.
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Results
S-parameter measurements and simulation results at 1-110 GHz for a Coplanar to Microstrip transitions de-embedded Single Anode diode, using the equivalent circuit model shown in Figure 9 , are represented in Figure 15 , Figure 16 . It can be seen from the figures that the equivalent circuit model describes the behavior of the diode well. The reflection and transmission coefficients from the equivalent circuit simulation are represented, first for the unbiased diode (0 V) ( Figure 15 ) and then for the reverse-biased diode (−3 V) ( Figure 16 ). De-embedding of Coplanar to Microstrip transitions in W band was done using ADS.
It should be noted here that our model takes into account the increase of the wire bonding series resistance caused by the skin effect [25] at frequencies above 50 GHz and eventually by some other measurement uncertainties. The study of the extent of this effect becomes difficult at this frequency band, as measurements are limited by calibration accuracy and some possible inaccuracy in the determination of other equivalent circuit parameters such as finger inductance, parasitic capacitances, etc.. Nevertheless, the increase in resistance in W band was consistently found when fitting measurements of several devices. The resulting extracted model parameters are listed in Table 1 . Figure 15 . S-parameter simulation and measurement for Schottky Diode using circuit in Figure 9 . Diode is unbiased (0 V). 
CONCLUSION
In this work, we have described a procedure for characterizing planar Schottky diodes, based on Direct Current (DC) measurement, capacitance measurements and S parameter measurements, whose results are used to find the equivalent large-signal model of Schottky diodes. These diodes have one of the best price-performance ratios on the market and we feel that they will become an integral part of many applications. The capability of our characterization and modeling method has been demonstrated to create a reliable equivalent circuit model of Schottky diodes with very good accuracy and valid under large signal conditions and at high frequencies up to 110 GHz. This was demonstrated using measurements up to 50 GHz and between 75 GHz and 110 GHz, although with a lack of measurements in the 50-75 GHz range.
Scattering measurements have also been obtained for the assembly of Coplanar to Microstrip transition-bond wire-Coplanar to Microstrip transition to verify the feasibility of the proposed model used for deembedding. Simulation and measurements of the assembly indicates that the proposed model can describe the behavior of Coplanar to Microstrip transitions well and it can be used to separate the true performance of the diodes from the effect of the elements used in our test fixture.
The model was tested under various bias points and results were compared to the measured data. In all cases, the simulation results are shown to be in good agreement with the measured data. Finally, the model can be easily implemented in any circuit simulator and applied to other types of diodes.
